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B ulk metallic glasses, formed at very low critical cooling rates, 
are fundamentally diff erent from traditional amorphous alloys, 
which are usually formed at very high cooling rates in order 

to suppress the nucleation of crystalline phases. Th e high cooling 
rates required for the formation of traditional glassy alloys restrict the 
range of possible structures that can be prepared to powders, fi lms and 
ribbons. Of the extensive family of glasses, BMGs are probably the 
youngest, possessing a number of characteristics, such as amorphic-
ity and high strength, that are shared by other glasses, including the 
most familiar window (oxide) glasses. However, the most important 
feature of BMGs that, along with other glasses, distinguish them from 
general amorphous materials is the glass transition that transforms 
supercooled liquids into a glassy state when cooled from high to 
low temperature and vice versa. Metallic glasses are therefore scien-
tifi cally defi ned as amorphous alloys that exhibit a glass transition, 
from which derives their unique properties of extreme strength at 
low temperature and high fl exibility at high temperature, along with 
thermodynamic and physical properties that change abruptly at the 
glass transition temperature (Tg).

Research on metallic glasses is closely related to that on metallic 
liquids. It is known that the atomic confi gurations of molten metals 
and alloys are disordered. Th e noncrystalline structure is expected to 
be retained if the liquids can be quenched at a suffi  ciently high cooling 
rate to suppress the formation of equilibrium crystalline phases. Th e 
critical cooling rate required to freeze the liquid structure is estimated 
to be on the order of 105–106 K  s–1 for alloys. Th is assumption was 
proved experimentally in 1959 by a research group at Caltech, who 
reported the fi rst glassy alloy with a composition of Au75Si25 produced 
by splat quenching [1]. In this pioneering work, the Au75Si25 melt was 
quenched using a cold metal plate instead of the water or oil used 
traditionally. Th e good contact between liquid droplets and the cold 
metal avoids the formation of gaseous layers that limit the heat release 
during solidifi cation. Moreover, the droplets spread into a thin layer 
for rapid thermal diff usion when striking the solid, cold metal plate. 
X-ray diff raction analysis revealed the disappearance of all crystalline 

structure and the formation of a noncrystalline structure in the resultant 
micrometer-sized fl akes. Following this discovery, a large number of 
metallic glasses were found in various alloy systems, and rapid research 
progress was made in the search for new metallic glasses. Th is research 
was accelerated by the invention of a melt spinning method [2], a rapid 
cooling technique that can routinely quench liquid alloys as 10–50 μm 
thick ribbons at cooling rates of 103–106 K  s–1 by impinging a melt 
stream on a spinning copper wheel. Most glass-form alloys reported 
at that time were binary alloys, and their glass-forming ability was 
found to be strongly reliant on alloy composition. Good glass formers 
usually have compositions close to the eutectic points that correspond 
to a reaction from one liquid phase to two solid phases concurrently 
in the equilibrium binary phase diagram [3]. In practice, limiting the 
search for new alloys to phase regions close to deep eutectic points is 
a shortcut for fi nding good glass formers in binary and ternary alloy 
systems. In principle, this supports the view that metallic glasses are 
frozen metallic liquids because an alloy with a eutectic composition 
generally has a low melting temperature and a stable liquid phase.

Th e requirement for high cooling rates in the formation of metallic 
glasses restricts the range of forms that can be produced in glassy alloy 
systems to small particles or thin ribbons. However, a few excep-
tions were found in noble metal based alloys, such as Pd-Cu-Si and 
Pd-Ni-P  [3–6]. Th ese alloys have very low critical cooling rates of 
~10 K s–1 and can make glassy samples with a bulk size of ~10 mm in 
thickness [5]. Unfortunately, these pioneering works on the develop-
ment of BMGs did not make a big impact in the materials science 
community. One reason is that, although the noble metals of palladium 
and platinum are good for improving glass-forming ability, they are 
too expensive to be used for a wide range of applications. Th e break-
through in BMG research came with the discovery of multicomponent 
glass formers by Inoue and co-workers at Tohoku University  [8,9]. 
Th ese new bulk glassy alloys exhibit excellent glass-forming ability and 
very low critical cooling rates for bulk glass formation, similar to those 
of the noble metal-based metallic glasses (Figure 1) [7,9]. Signifi cantly, 
noble metals were no longer the essential constituent elements in 
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these new alloys. Some excellent glass formers contain only transition 
metals, such as the system of Zr-Al-Ni-Cu. Soon after these fi ndings, 
Peker and Johnson at Caltech reported an excellent multicompo-
nent BMG with a composition of Zr41.2Ti13.8Cu12.5Ni10.0Be22.5  [10]. 
It is worth noting that this alloy contains 22.5  at% beryllium, the 
smallest metallic atom, which is expected to fi ll empty space in the 
defective glass structure and more effi  ciently stabilize the liquid and 
glass phases. To date, this alloy is still one of the best glass formers and 
probably best illustrates the eff ect of a multicomponent composition in 
ensuring the densest packing in zirconium-based BMGs. Encouraged 
by these successes, other excellent bulk glass formers were soon found 
in the iron-, nickel-, titanium-, and copper-based alloy systems  [9], 
and it became possible to investigate the mechanical, physical and 
chemical properties of metallic glasses systematically. Th e bulk sizes 
also hold great promise for a wide range of structural and functional 
applications. Th ese research achievements have opened a new fi eld 
of BMGs and stimulated enthusiasm for metallic glass research. Th e 
ability to form BMGs very easily from common elements has naturally 
aroused much interest and led to rapid development in this fi eld [7]. 

Mechanisms of BMG formation

As aforementioned, deep eutectic points in binary and ternary alloy 
systems have been widely used as an indication for seeking good 
glass formers. However, it is impossible to represent more than three 
components on a phase diagram, and the eutectic transitions in qua-
ternary and higher systems are rarely known. Th erefore, it is diffi  cult 
to locate the compositions for best glass formers in multicomponent 
alloy systems. Most multicomponent metallic glasses found so far have 
been identifi ed by trial and error, and the development of new BMGs 
requires considerable experience and involves major commitments in 

time and resources. Th ere is thus a compelling demand for research 
that uncovers the underlying mechanisms for the formation of BMGs. 

Empirical rules 
Following the discovery of multicomponent bulk glass formers, there 
have been many discussions on the underlying mechanisms of BMG 
formation. Th e excellent glass-forming ability of the new alloys has 
been generally attributed to the increased atomic packing density in 
the multicomponent system, as there are more atoms of the ‘right’ size 
to fi ll free space in the randomly packed glass structure. Th is appears 
to be true since the total energy of alloys with directionless metallic 
bonding depends on the packing density; denser packing leads to 
lower energy and thereby higher stability. Besides consideration of the 
packing density, the improved glass-forming ability of the multicom-
ponent systems has also been nominally understood by the ‘confusion 
principle’, i.e., the more elements involved, the lower the chance that 
the alloy can select viable crystal structures, and hence the greater the 
chance of glass formation [11]. 

Since the discovery of metallic glasses by Duwez in 1959, a number 
of empirical rules on metallic glass formation have been suggested 
in consideration of factors such as atomic size, interatomic bonding, 
electron density and other structural features  [12]. Although these 
empirical rules work for certain alloys, they frequently fail for others. 
By statistically analyzing hundreds of alloys that have excellent glass-
forming ability, Inoue suggested a more comprehensive set of empirical 
rules for the formation of BMGs  [9]: alloys should be multicompo-
nent systems consisting of more than three elements, there should be 
a signifi cant diff erence in the atomic size ratios (>12%) among the 
three main constituent elements, and the three main constituent 
elements should have negative heats of mixing. Although most of 
the best glass formers follow those empirical rules, implying certain 
physical principles indeed play vital roles in the formation of BMGs in 
multicomponent systems, the empirical rules represent only the bare 
essentials for glass formation and are not suffi  cient for designing new 
alloys. Th e defi nite physical mechanisms for BMG formation therefore 
remain unclear, and the laws for quantitative composition design of 
bulk metallic glasses are still unknown.

Structural origins of metallic glass formation
As the key to glass formation is avoiding the occurrence of detect-
able crystals during cooling from liquid to a temperature below the 
glass transition point, the kinetics of crystal formation in supercooled 
liquids has been considered as the controlling factor for glass forma-
tion. According to the homogeneous crystal nucleation theory, crystal 
nucleation rates depend strongly on the diff usivity of alloy melts, 
which is a function of viscosity from the Stokes–Einstein equation. 
Th erefore, dense liquids with high viscosity are expected to have a 
more stable liquid state and better glass-forming ability. Several atomic 
motifs, such as face-centered cubic (fcc) and hexagonal close-packed 
(hcp) and icosahedral structures, are known to yield the densest atomic 
packing. As fcc and hcp are the basic structure units of a large number 
of crystals, such atomic confi gurations in supercooled liquids have 
the potential to directly become the embryos of crystalline phases, 
and thus fail to explain the excellent stability of metallic glasses in the 
supercooled state. Local icosahedral order has been suggested as the 
most promising atomic motif of stable supercooled liquids and BMGs 
because the icosahedra are highly close-packed, lack translational 
periodicity, and are diffi  cult to grow compared with their crystalline 
counterparts [13]. From a topological point of view, atomic packing 
effi  ciency is closely related to the atomic size ratio between the solute 
and solvent atoms, and a ratio close to 0.902 can produce the most 
effi  cient atomic packing with icosahedra-like clusters as the predomi-
nant short-range order. Th e atomic size ratio of constituent elements 
has therefore been proposed as an important factor governing glass-
forming ability, particularly in binary alloys that only contain transi-
tion metals [14]. Recently, eff ective atomic size ratios have been used 
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Figure 1. Representative morphology, microstructure and thermal properties 

of bulk metallic glasses. (a) Bulk metallic glass prepared by mold casting. The fully 

amorphous sample has a diameter of ~30 mm. (b) Typical high-resolution electron 

microscopy image and electron diff raction pattern (inset) of a BMG (adapted from 

Ref. 54, © 2006 APS). The maze-like disordered structure persists down to the 

sub-nanoscale. (c) Diff erential scanning calorimetry curve for a bulk glassy sample, 

showing the glass transition and wide supercooled region (courtesy of W. Zhang, 

Tohoku University, Japan).
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to evaluate the packing effi  ciency of multicomponent BMGs based on 
the average atomic size of the solvent weighted by the nominal alloy 
composition [15–18]. However, the optimal composition for the best 
glass formers cannot be determined from the ideal eff ective atomic size 
ratio of ~0.902 because of the multiple compositional variables of the 
multicomponent alloys and the possible chemical heterogeneity of the 
constituent elements.

One important clue for understanding the underlying mechanism 
of BMG formation is that the best formers of BMGs generally have 
a narrow compositional range  [9]. Changing the composition even 
slightly or replacing the constituent elements can lead to a dramatic 
loss of glass-forming ability. Th is characteristic is very similar to certain 
crystalline and quasicrystalline compounds with complex atomic con-
fi gurations, such as Laves phases and icosahedral phases. Th erefore, 
the exact composition requirements for the best glass formers indicate 
an inherent correlation between glass-forming ability and atomic 
structure in BMGs. Understanding the atomic structure of the best 
glass formers is probably a viable route to the goal of quantitatively 
designing new BMGs with ultra-high glass forming ability and excel-
lent physical, chemical and mechanical properties. 

Th e widely accepted structural model for metallic glasses is Bernal’s 
dense random packing model, in which metallic glasses are regarded 
as frozen metallic liquids with an atomic arrangement determined by 
purely geometrical sphere packing [19,20]. Bernal’s idea can satisfacto-
rily model the systems of monatomic metals and alloys with constituent 
species having comparable atomic sizes. However, it does not provide 
structural models for the short- and medium-range order observed 
in real, multicomponent glassy systems with very low critical cooling 
rates. Moreover, it has been found that this model fails to describe 
metal–metalloid-based alloys with pronounced chemical short-range 
order. In light of this, Gaskell proposed a stereochemically defi ned 
model that stipulates that the local unit of nearest neighbors in amor-
phous metal–metalloid alloys should have the same type of structure 
as the corresponding crystalline compounds with a similar composi-
tion [21–23]. However, this model has not been found to be supported 
in metal–metal based metallic glasses. Even for metal–metalloid-based 
BMGs, the model is insuffi  cient to explain the excellent stability of the 
supercooled liquid state. Regardless of the atomic confi gurations, it 
has been generally accepted that the disorder of metallic glass can only 
be preserved down to a certain length scale. Atoms in metallic glasses 
prefer to form short-range order in which the local nearest-neighbor 
environment of each atom is similar to other equivalent atoms, but 
this regularity does not persist over an appreciable distance. Due to 
the fact that good glass formers have a higher density than ordinary 
amorphous alloys with high critical cooling rates, it has been suggested 
that high packing density is essential to achieve high glass forming 
ability [8,10,24]. Th erefore, densely packed icosahedral clusters 
have been widely considered as a possible structural unit of BMGs. 
A number of simulations and experimental observations have sug-
gested that icosahedra are an energetically favorable atomic structure 
in metal–metal-based metallic glasses [25–30]. However, the metallic 
glasses that can form icosahedral quasicrystals during annealing in 
supercooled liquid regions generally have a marginal glass-forming 
composition and are not the best glass formers [25]. Th is fact indicates 
that densely packed icosahedra may not be the only essential structure 
unit in metallic glasses. 

A recent extended X-ray absorption fi ne structure (EXAFS) study 
showed that the excellent glass-forming ability of the multicomponent 
alloy Cu45Zr45Ag10 is associated with atomic-scale structural/chemical 
heterogeneity by the formation of zirconium-rich interpenetrating 
clusters centered on silver atom pairs and strings as well as copper-
centered icosahedral polyhedra enriched with copper. Th erefore, the 
atomic confi gurations of multicomponent BMGs appear to be rather 
diverse due to variations in the interatomic interactions of the constitu-
ent elements [18]. Structural/chemical heterogeneity may be a universal 
phenomenon in multicomponent BMGs, as has been demonstrated by 

the recent observations of structure and property variations at diff erent 
length scales in many metallic glass systems [31–34]. 

In practical materials, the densely packed atomic structure of 
metallic glasses must be extended to the macroscopic scale. Current 
knowledge of short-range order is insuffi  cient to determine the overall 
structure of a disordered solid, which is dramatically diff erent from a 
crystal, for which it is only necessary to solve the structure for a subunit 
that can be repeated periodically to produce the whole structure. 
Defi ning the structure of metallic glasses beyond the nearest-neighbor 
short-range order has remained an outstanding issue in metallic glass 
research. Recently, Miracle suggested a scheme for modeling medium-
range order in multicomponent metallic glasses [15]. In his model, 
effi  ciently packed solute-centered atomic clusters are retained as local 
structural units. An extended structure is produced by idealizing these 
clusters as spheres and effi  ciently packing these sphere-like clusters in 
fcc and hcp confi gurations to fi ll three-dimensional space (Figure 2). 
Because of internal strains and topological frustration, the order of the 
cluster-forming solutes cannot extend beyond a few cluster diameters, 
and thus the disordered nature of metallic glasses can be retained 
beyond the nanoscale. Based on experimental measurements and com-
putational simulations, Sheng and co-workers proposed an alternative 
cluster packing scheme to resolve the atomic-level structure of amor-
phous alloys. By analyzing a range of model binary alloys involving 
diff erent chemistries and atomic size ratios, they elucidated the diff er-
ent types of short-range order as well as the structure of medium-range 
order. Th eir results suggest that icosahedral fi vefold packing is a more 
favorable ordering pattern for short-range ordered cluster–cluster con-
nection in metallic glasses than the fcc or hcp packing schemes [25]. 
With consideration of the chemical eff ect, recent experimental and 
theoretical studies show more complicated cluster packing schemes in 
real multicomponent alloys. For example, chemical heterogeneity can 
lead to the co-existence of multiple cluster packing schemes giving rise 
to medium-range order in the same alloy [18]. 

Th e disordered atomic structure of metallic glasses has been 
examined extensively by various experimental methods, including 
X-ray and neutron diff raction, EXAFS and nuclear magnetic reso-
nance  [16,18,25,35]. However, these experiments give only average 
and one-dimensional structural information, although plausible 
three-dimensional structural models can be reconstructed by trial and 
error using reverse Monte Carlo and ab initio molecular dynamics 
(MD) simulations  [16,25,36,37]. Th e main problem is that these 
methods cannot give unique atomic confi gurations, particularly for 
multicomponent alloys. In this sense, experimental observations of the 
local atomic structure of disordered metallic glasses are still lacking, 
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Figure 2. Illustrations of portions of a single cluster unit cell in the dense cluster 

packing model. (a) A two-dimensional representation of a dense cluster packing 

structure in the (100) plane of clusters illustrating the features of interpenetrating 

clusters and effi  cient atomic packing around each solute atom. Relaxations outside 

the plane of view cannot be shown in this two-dimensional representation. (b) A 

portion of a cluster unit cell of a <12-10-9> model system representing a Zr-(Al,Ti)-

(Cu,Ni)-Be alloy. Zirconium solvent spheres (pink) form relaxed icosahedra around 

each solute atom. There is no orientational order among the icosahedral clusters. 

Adapted from Ref. 15 (© 2004 NPG).
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and defi nite evidence of the local atomic order suggested by various 
theoretical models remains inconclusive. Recently, utilizing spherical 
aberration-corrected transmission electron microscopy, a coherent 
Angstrom beam electron diff raction technique has been developed 
to characterize the atomic structure of amorphous materials  [38]. 
With a ~3.6 Å coherent electron beam, which is comparable to the 
size of single atomic clusters in metallic glasses, distinct diff raction 
patterns with a set of two-fold symmetric spots, analogous to the 
diff raction spectrum of a single crystal, can be frequently observed 
(Figure 3). Th e well-defi ned electron diff raction spots in the diff rac-
tion patterns from a sub-nanometer region provide direct evidence 
of local atomic order in disordered metallic glasses. Based on the dif-
fraction patterns, the atomic structure of individual atomic clusters 
can be determined, which is consistent with structural predictions by 
MD simulations [38]. 

Although research on the atomic structure of metallic glasses is a 
recent topic of intense discussion, the atomic confi gurations, particu-
larly in multicomponent alloys, remain an unsolved mystery, and thus 
it is still a challenge to design BMGs based on atomic packing laws.

Dynamics of metallic glass formation
In view of the thermodynamic relationship between structure and 
phase stability in crystalline materials, the atomic origins of BMG 
formation have been discussed intensively from geometrical and topo-
logical perspectives of the dense atomic packing as introduced above. 
In principle, the formation of metallic glasses is a competition between 
the stability of supercooled liquids and the formation kinetics of rival 
crystalline phases [39–41]. As both liquid stability and crystallization 
kinetics are time-related, and as metallic glasses are essentially out-of-
equilibrium systems, the formation of BMGs involves structural evolu-
tion in time and thus may not be studied in terms of thermodynamics 
alone. Th erefore, it seems to be more appropriate to explore the glass 
forming mechanism and glass forming ability from the perspective of 
the dynamics of supercooled liquids. Several kinds of temperature-
dependent relaxations have been observed experimentally in metallic 
glasses. In the supercooled liquid state, α- or structural relaxation 

corresponds to an increase in shear viscosity and shear modulus during 
cooling, resulting in change of the glass formers from liquid behavior 
to viscoelastic behavior. In general, superior glass formers exhibit 
slower dynamics and a longer α-relaxation time at temperatures above 
the glass transition point. Th is is simply because the slow dynamics 
off ers a low critical cooling rate for glass formation and, thus, has been 
used to explain the eff ect of alloying on the improved glass-forming 
ability of BMGs empirically [42–44]. Nevertheless, the intrinsic corre-
lation of the dynamic process with the atomic structure and chemistry 
of BMGs has not been well elucidated. It has been suggested that the 
development of icosahedral short-range order in the supercooled liquid 
regions may play an important role in glass formation because the 
densely packed atomic structure triggers slow dynamics near the glass 
transition point, a phenomenon known as dynamic arrest  [42–45]. 
Recently, MD simulations have suggested that the slow dynamic 
process may not be the only origin of the high stability of supercooled 
liquids and, instead, dynamic heterogeneity may play an important 
role in the excellent glass-forming ability of BMGs. Signifi cant 
dynamic heterogeneity, coupled with structural and chemical inhomo-
geneity, has been observed in a Cu45Zr45Ag10 alloy  [46]. Th e fraction 
of the copper-centered full icosahedra and the number of coordinated 
silver atoms in each group are plotted against atomic mobility for a 
short time interval corresponding to fast relaxation and a long time 
interval for α-relaxation  in Figure  4. Interestingly, a high icosaheral 
cluster population and silver-poor environments are responsible for 
slow dynamics. In contrast, a low icosahedral cluster population and 
silver-rich environments correspond to fast dynamics. Th e three-
dimensional displacement maps in Figure 4 further visualize the isosur-
faces of slow- and fast- dynamic regions, corresponding to partitioned 
silver-poor and -rich domains. Th e strong coupling between chemical 
and dynamic heterogeneity off ers an alternative way to stabilize the 
supercooled liquid by partitioning the slow and fast dynamics regions, 
which can eff ectively prevent the nucleation of crystallites. As more 
or less chemical heterogeneity widely exists in multicomponent alloys, 
chemical and dynamic coupling seems to be a universal phenomenon 
in BMGs, which may suggest a new scheme that could be to elucidate 
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the correlation between dynamic heterogeneity and glass-forming 
ability in multicomponent alloys, and provide new insight into the 
dynamic origins of BMG formation.

Micromechanisms of mechanical properties 

One of the most notable properties of BMGs is their extreme hardness 
and strength, which makes them attractive for applications where 
strength is critical. Nevertheless, the underlying deformation micro-
mechanisms that govern the strength and ductility of BMGs remains 
poorly known  [47]. For crystalline metals and alloys, the factors 
controlling their mechanical properties have been well investigated 
through the development of dislocation and electronic theories, 
which can explain, in general, the atomic and electronic origins of the 
strength and ductility of crystalline materials. For disordered materi-
als such as metallic glasses, however, the defi nite correlation between 
mechanical behavior and atomic and electronic structures has not been 
properly established. It has long been recognized that the mechanical 
properties of metallic glasses are closely related to the chemical and 
physical properties of their component elements  [3]. Th e signifi cant 
diff erences in mechanical performance, such as strength and ductility, 
that are observed with changes in the chemical composition of metallic 
glasses indicate the existence of an intrinsic relationship between the 
mechanical properties and the atomic and electronic structures of 
metallic glasses. However, the underlying mechanisms have not been 
well understood and the physical picture appears to be much more 
complicated than that for crystalline materials [47]. 

Shear transformation theory and shear transformation zones
Th e plastic deformation of metallic glasses at room temperature is 
known to be inhomogeneous both spatially and temporally, and to be 
carried by highly localized shear bands. With the increasingly intense 
scientifi c and technological interest in BMGs and eff orts to improve 
their mechanical properties, it is essential to identify the underly-
ing mechanisms responsible for ductility and strength. Historically, 
several theories have been developed to describe the heterogeneous 
plasticity of metallic glasses. Th ese models are mainly based on two 
micromechanisms: deformation-induced dilatation or free volume 
mechanism, and a mechanism based on the cooperative shearing of 
atomic clusters termed shear transformation zones (STZs)  [48,49]. 
Unambiguously, the free volume and STZ models provide simple and 
clear-cut explanations of the strain softening and thereby heteroge-
neous deformation of metallic glasses, and have been widely cited to 
explain various mechanical behaviors of metallic glasses qualitatively. 
However, they are unable to quantitatively describe the strength and 
ductility of BMGs. Th e appearance of a multidimensional potential 
energy surface, or potential energy landscape, of a disordered material 
can be related to the form of interatomic potentials. In combination 
with catastrophe theory, it is possible to describe how the geometry 
of the surface changes with the parameters in the potentials, and to 
provide universal scaling relations that can explain an unexpected 
connection between barrier heights, path lengths and vibrational fre-
quencies, with applications to a wide variety of problems such as the 
mechanical behavior of metallic glasses [50]. 

Deriving from the energy landscape theory and Frenkel scheme 
for the shear deformation of defect-free crystals, Johnson and 
Samwer proposed a cooperative shearing model for STZs  [51]. Th e 
Johnson–Samwer model was originally introduced to elucidate the 
temperature dependence of yield strength in the form of T2/3, yet it 
has also since been shown to provide an eff ective interpretation of 
ductility and strength of BMGs, which may pave the way to new 
quantitative insights into the atomic-scale mechanisms responsible 
for the mechanical properties of BMGs. By linking the cooperative 
shear model with classical deformation thermodynamics through 
the variable of the activation volume, the STZ volume is derived as 
a function of strain rate sensitivity and strength of metallic glasses, 

which are measurable by mechanical testing [52]. Th e measured STZ 
volumes of BMGs vary from 2.5 to 6.6 nm3. According to the dense-
packing hard-sphere model of metallic glasses, the STZs are estimated 
to include about 200–700 atoms, consistent with large-scale MD 
simulations. Moreover, the STZ volumes show an interesting correla-
tion with the ductility of metallic glasses. Th e ductile BMGs possess 
large STZ volumes [52], which is similar to the relationship between 
ductility and dislocation cores in fcc metals, in which ductile metals 
have wide dislocation cores. 

Metallic glass yielding versus shear stress-induced 
glass transition

Figure 5. Correlation between atomic mobility of copper atoms and their local 

structural environments in Cu45Zr45Ag10 at 800 K. The copper atoms are sorted into 

20 groups in increasing order of displacement. In each group, the percentage of 

<0,0,12,0> polyhedra and number of coordinated silver atoms are plotted with (a) 

a short time interval of 1.5tα, and (b) a long time interval of 1.5tα, where the shear 

stress and temperature as the independent variables are plotted on the x and y 

axes, respectively. (c) Three-dimensional mean-square displacement map of all 

atoms based on propensity for motion under the conditions observed in (b). The 

isosurfaces indicate the slow- and fast-dynamics regions where Δr2 is less than 25 Å2 

(blue regions) and more than 80 Å2 (green to red regions). (d) Three-dimensional 

map showing isosurfaces of the slow-dynamics regions and the distribution of silver 

atoms (pink balls). The blue slow-dynamics regions are apparently silver-poor regions. 

The cube has the dimensions of 53×53×53 Å3; the color bars in (c) and (d) show the 

range from fast (red) to slow (blue) dynamics. Adapted from Ref. 46 (© 2010 APS).
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One important phenomenon of metallic glass deformation and failure is 
the dramatic temperature rise in shear bands, which has been attributed 
as the origin of shear band formation and catastrophic failure in BMGs. 
Direct evidence for temperature rises within shear bands is provided by 
the unique fractograph of metallic glasses, called vein patterns, that 
can be reproduced by pulling apart two solid surfaces containing a 
thin viscous layer between them. Additionally, liquid droplets can fre-
quently be observed on the fracture surfaces of metallic glasses. Because 
the failure of metallic glasses is usually caused by runaway sliding 
along a single shear band, the liquid droplets observed on the fracture 
surfaces demonstrate that the temperature rise is large enough to lead 
to the melting of shear bands during local shear deformation. However, 
the estimated width of the hot zone formed by plastic deformation 
is at least 100  nm  [53], which is signifi cantly larger than the shear 
band width measured by electron microscopy  (5–20  nm)  [54–55]. 
Th us, the observed temperature rise in shear bands and on fracture 
surfaces is most likely the result of concentrated plastic deformation 
and failure within very narrow deformation zones, but in itself cannot 
be the origin of yielding and shear band formation. Th is viewpoint is 
supported by the linear relation between yield strength and the glass 
transition temperature, as shown in Figure 5(a) [56]. It is known that 
the room-temperature yielding of BMGs relates to the formation of a 
principal shear band when the critical shear stress that a material can 
sustain is reached. According to the cooperative shearing model and 
recent computer simulations, the yield point of BMGs corresponds to 
the percolating propagation of a large number of local shearing events 
(i.e. STZs) under a critical shear strain [52,57,58]. Th e transition from 
local shearing to macroscopic shear bands results from the dramatic 

increase in atom mobility and softening along a shear plane propagated 
by mechanical energy. Th us, the transition is akin to a process of stress-
driven glass-to-liquid transition and the yielding of BMGs can be 
rationally presumed to occur at a critical point at which the accumu-
lated internal energy by elastic deformation is suffi  ciently high to allow 
the transition from the glass state to the supercooled liquid to occur. 
Based on the eff ective temperature theory and fundamental thermody-
namics, a theoretical linear relationship between yield stresses and glass 
transition temperatures that matches well with the experimental data 
can be derived. Th erefore, yielding and shear band formation in BMGs 
are intrinsically processes of the shear stress-induced glass-to-liquid 
transition  [56]. An equivalent eff ect of shear stress and temperature 
on the glass transition can be confi rmed from the viscosity diagram 
of a metallic glass  (Figure  5(b))  [59]. Th is diagram was constructed 
on the basis of systematic MD simulations of steady viscous fl ow at 
various temperatures and shear strain rates. Liquid-like behavior with 
low viscosity can be achieved by either temperature or shear stress, or a 
combination of both eff ects. 

Ductility and composite eff ects
Although BMGs possess very high strength compared to their crys-
talline counterparts, they generally suff er from low ductility at low 
temperature. Room-temperature plastic deformation of metallic 
glasses has been known to occur through shear band movement, in 
which plastic fl ow driven mainly by shear stresses is localized within a 
nano-scale zone [3,48,49]. Due to structural and/or thermal softening, 
these bands are preferential sites for further plastic fl ow and lead to 
fi nal failure in a brittle manner that typically breaks a sample along a 
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single shear band without detectable plastic strains. Th erefore, highly 
localized shearing and resultant strain softening are responsible for 
the poor ductility of BMGs. It has been recognized that the ductility 
improvement of BMGs largely depends on suppression of the localized 
strain softening caused by shear bands. Microstructural inhomogeneity 
caused by phase separation and crystallization can arrest persistent slip 
on individual shear bands and give rise to global plasticity by activat-
ing multiple shear bands when the BMGs are loaded under uniaxial 
compression [32,33,54]. However, these compressively ductile BMGs 
all lack tensile ductility, probably because in tension the opening stress 
on the shear bands enhances strain softening and instability, whereas 
under compression, an operating shear band is subject to a normal 
stress that closes the band and enhances the frictional forces induced by 
microstructural variations. A straightforward strategy is to introduce 
ductile crystalline phases into BMGs to form BMG-based composites 
in which the work hardening of the crystalline phases caused by dislo-
cation multiplication- or deformation-induced phase transitions [61] 
can compensate for the strain softening of shear bands and block cata-
strophic slip along a single shear band to give high tensile plasticity. 
Th e accessibility of this idea was fi rst demonstrated by the dramatic 
improvement in the tensile ductility of titanium–zirconium-based 
BMG composites containing a ~50  vol% dendritic phase  [60]. Th e 
composites possess a maximum elongation of ~13%, which is compa-
rable to that for ductile multiphase alloys, such as steels and aluminum 
alloys, and maintain a high yield stress of 1.2–1.5 GPa (Figure 6). 

Recent advances in applications

Th e applications of metallic glasses have been covered in several review 
articles and comprehensive books [62–65]. For example, BMGs have 
been used as one of the best soft magnetic materials for a wide range of 
applications from electronic devices to automobiles and long-distance 
electric power transmission. Combining high strength and low density, 
BMGs have also been exploited as light-weight structural materials 
for applications in which weight and strength are critical. As these 

applications have been detailed in previous publications, the present 
review focuses on recent progress in applications in biomedicine, nano-
technology and microelectromechanical systems (MEMS).

Biomedical materials
Metals and alloys have been widely used as biomedical materials and 
are indispensable in the medical fi eld. For example, about 70% of the 
structural materials employed in implants are metallic materials that 
are used to replace hard tissues or as hard-tissue prostheses, including 
bone screws, bone plates, artifi cial hip joints, knee joints and dental 
implants. Th e advantages of BMGs compared with conventional 
crystalline metals and alloys include superior strength, high elasticity 
and excellent wear and corrosion resistance, attributable to the lack 
of grain boundaries and crystal defects that usually lead to weaken-
ing of material strength, intergranular corrosion and stress-corrosion 
cracking in biological environments. Corrosion testing of BMGs has 
demonstrated that these materials have much better corrosion prop-
erties in physiological solution compared to many common metallic 
biomaterials  [66]. Moreover, the relatively fl exible composition of 
BMGs and the large number of glass formers makes it possible to 
design and select glassy alloys without toxic elements for full biocom-
patibility. Recently, in vitro and in vivo experiments have demonstrated 
that BMGs are, in general, nontoxic to cells and compatible with cell 
growth and tissue function [67–69]. Importantly, BMGs have much 
lower Young modulus than crystalline metals, allowing BMGs to be 
more compatible with bone, reducing the stress-shielding eff ect that 
can cause disuse atrophy of cortical bone. Th erefore, BMGs possess 
attractive properties for load-bearing biomedical-implant applications. 
Bulk metallic glasses have also been suggested for application as soft 
tissue stents due to their high fl exibility, providing enhanced compli-
ance with blood vessel biomechanics and thereby minimal damage 
to vessels  [68]. More recently, magnesium-based BMGs have been 
developed for application as biodegradable implants [70]. In addition 
to their higher strength and elasticity in comparison with the crystal-
line biodegradable magnesium-based alloys, biodegradable metallic 
glasses also show a distinct reduction in hydrogen evolution in vivo, 
which is a general problem that occurs as a result of biocorrosion in 
physiological solution and forms an unwanted gas pocket around the 
implants (Figure 7). Owing to the broad solubility of the glassy alloys, 
the chemical composition of BMGs can also be optimized to match 
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Figure 7. Animal studies of magnesium-based metallic glass in comparison with 

a crystalline magnesium alloy reference sample. (a–d) Glassy Mg60Zn35Ca5 (a,c) 

and crystalline magnesium alloy reference (WZ21) (b,d) in two types of porcine 

abdominal tissue (muscle after 27 days (a,b) and subcutis after 91 days (c,d) of 

implantation). All samples show a typical fi brous capsule foreign-body reaction 

(indicated by white arrows), but only the crystalline samples (implanted discs 

indicated by dashed lines) show pronounced hydrogen evolution (area between 

discs and fi brous capsules indicated by black arrows). Adapted from Ref. 69 (© 2010 

Springer Science+Business Media).
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the biocorrosion characteristics of the environment, providing control 
over degradation and hydrogen evolution rates, which is very diffi  cult 
to achieve using crystalline alloys. 

Nanotechnology and MEMS
Like other glassy materials, such as oxide glasses and amorphous 
polymers, BMGs have a wide supercooled liquid range when heated 
from room temperature. Within this temperature window, BMGs 
transform into a viscous supercooled liquid with signifi cant softening 
and, thus, can be shaped by Newtonian viscous fl ow under very small 
applied forces. Th is unique property of glassy materials endows BMGs 
with extraordinary formability and superplasticity, comparable to those 
of polymers and window glasses. Bulk metallic glasses are quite stable 
in the supercooled state and, after thermal processing, can be slowly 
cooled back to the strong glassy state with negligible volume shrink-
age. Th is outstanding thermal formability of BMGs has recently been 
exploited for applications in nanotechnology and MEMS [71–78]. 

In micro- and nano-machines, as well as MEMS, three-dimensional 
structures or surface nano-patterns are frequently required, which are 
traditionally fabricated by lithography and chemical or ion etching. 
Such processes originate in semiconductor technology and are gener-
ally limited to silicon and related materials. Th e micro- and nano-fab-
rication of metallic materials for such applications is either expensive 
or lacks the accuracy required for precision processes  [77]. Utilizing 
the excellent thermal formability of BMGs, supercooled liquid fab-
rication provides an alternative and economic approach for the fab-
rication of micro- and nano-sized metallic parts and surface patterns 
for MEMS and micro- and nano-machines. By applying plastic 
processing techniques, micro- or nano-patterns can be easily trans-
ferred to BMG surfaces from stiff  dies and molds by thermal imprint-
ing  (Figure  8(a–b)). Th e sub-nanoscale structural homogeneity also 
makes patterned BMGs of interest for optical applications [71]. Using 
a die-forging technique, free-standing BMG micro-parts of as small as 
1 μm have been produced for micro-machines (Figure 8(c–d)) [71,75]. 
Th e ultra-high strength and lack of grains and grain boundaries give 
these metallic glass micro-parts mechanical performance superior to 
that of their crystalline counterparts, which are limited by the char-
acteristic length of their microstructures. Sputtered BMG fi lms have 
also been used to fabricate actuators and micro-cantilevers for MEMS 
applications [74]. Recently, the dimensions of BMG patterns and parts 
have been further reduced to scales on the order of tens of nanometers 
by superplastic deformation [76] and thermoplastic forming [78,79]. 
Metallic glass nanowires fabricated by these methods show interesting 
multi-harmonic oscillations with possible applications in mechanical 
and magnetic sensors. Th e development of such nano-sized BMG 
structures may lead to a host of applications of BMGs in nanotechnol-
ogy and bionanotechnology.

Summary and perspectives

Research over the past 20 years has produced a large number of BMGs 
and composites in various alloy systems, rousing intense research 
interest for the search for novel physical and chemical phenomena in 
non-equilibrium, disordered, multicomponent solids. Bulk metallic 
glasses hold great promise for structural and functional applications 
and are viewed as one of the most important metallic materials owing 
to their unique properties of extreme strength at room temperature 
and high fl exibility at high temperature. However, as outlined in this 
review, many fundamental questions remain and our understanding 
of the properties and structures of BMGs is far from comprehensive. 
Researchers are continuing to explore the atomic-scale mechanisms of 
BMG formation and to search for new bulk glassy alloys and compos-
ites with improved glass-forming ability as well as enhanced strength 
and ductility. Recent applications of BMGs in biomedicine, MEMS 
and nanotechnology have opened innovative fi elds for future intense 
research and may stimulate the creation of new industries.
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